ABSTRACT A method has been developed for measuring K influx into the epithelial cells of frog skin from the inside solution. Diffusion delay in the connective tissue has been taken into account. Ninety-four per cent of skin K was found to exchange with K42 in the inside solution with a single time constant. K influx showed saturation with increasing K concentration, was not altered by imposing a potential difference of -200 mv across the skin, and was inhibited by dinitrophenol, fluoroacetate, and ouabain. Relatively low concentrations of dinitrophenol (5 X 10-' M) and fluoroacetate (10-3 M) had no effect on K influx but caused a 40 per cent decrease in net Na flux. There was no correlation between the rate of K uptake at the "inner barrier" and the rate of net Na transport. Reduction of net Na transport by lowering Na concentration in the outside solution caused little change in K uptake. These observations indicate that there is not a significant Na-K exchange involved in active transport of Na across the skin. K influx was found, however, to require Na in the inside bathing solution.
FIGURE 1. Schematic diagram of apparatus for measuring K uptake by frog skin. The inside of the skin is in contact with the stirred solution in the beaker. The agar bridges are connected to calomel half-cells for measurement of PD and current may be passed through the skin from an external source via the Ag-AgCl electrodes.
tion. Ringer's solution (4 ml) was placed within the cylinder to bathe the outer side of the skin and the holder was then placed on a 150 ml beaker containing 30 ml of Ringer's solution which was stirred by a magnetic stirrer. The position of the lucite plate assured that the skin was adequately covered with fluid. The area of skin exposed to the solution was 8 cm 2 . The cylinder was fitted with a stopper equipped with an Ag-AgC1 electrode in the shape of a small loop and with an agar bridge which made contact with a calomel electrode. The beaker also contained a loop of AgAgCl and an agar bridge connected to a calomel electrode. The calomel electrodes were used to measure potential difference and the Ag-AgCl electrodes were used to pass current through the skin. The normal Ringer's solution used contained 115 mM NaCl, 2.5 mM KHCO 3 , and 1.0 mM CaC1 2 . In some experiments, the K concentration of the solution was raised either by adding excess KC1 or by increasing K and lowering Na. The skin was always equilibrated for at least 30 minutes in the appropriate solution before beginning the actual flux experiment. In order to measure K flux, the solution in the beaker was removed and replaced
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by an identical solution which contained approximately 15 c of K42. The skin was placed in this solution and allowed to remain for exactly 1 minute, removed, rinsed for 6 seconds in a large volume of non-radioactive Ringer's solution, and blotted carefully. The entire holder was then placed in a scintillation counter; the lucite plate assured that the skin was suspended directly and reproducibly over the center of the crystal detector. The skin was counted for 1 minute, replaced in the radioactive bathing solution, and the process repeated. In most experiments, the uptake of K4 was measured for 10 one minute intervals, but in several cases the experiment lasted 2 to 3 hours and the time intervals of immersion in the solution were increased. The skin was usually kept short-circuited during the time it was in contact with the bathing solution. The equivalent specific activity of the loading solution was determined at the end of each experiment. The skin was removed from the holder, replaced by a sheet of cellophane, and 1.0 ml of the loading solution was pipetted into the cylinder and counted. Thus, the activity of the solution was determined with the same efficiency as the activity in the skin. The activity in a measured aliquot of the outside solution was also determined to insure that there was no leakage around the tie. At the end of 4 experiments, the skin was carefully cut off the holder so that the thread, together with that part of the skin covered by collodion, remained in place. The holder was then counted and it was found that only 1 to 2 per cent of the activity measured with the skin in place could be detected. Thus, contamination from the region of the seal is minimal. The total K concentration of the bathing solution was determined by flame photometry after each experiment. In some experiments, total skin K was also measured. That part of the skin which had been exposed to the solution was removed, weighed, dried, and weighed again. It was then digested in 0.2 ml concentrated HNO 3 . The resulting solution was diluted, filtered, and made up to final volume and its K content determined by flame photometry.
RESULTS
The Exchange of K
Six experiments were carried out to determine the time course of K 4 2 uptake by the skin from the inside solution. The results of a typical experiment lasting 3 hours are illustrated in Fig. 2 a in which the amount of K 42 (cPM) in the skin is plotted against time. The CPM have been corrected for the amount of tracer which had entered the outside solution so that the values shown are actual CPM in the skin. As indicated in the figure, the amount of K42 taken up during the 3 hour period can be adequately described by a single exponential of the form P. = P,, (1 -e -) in which P, is the amount of tracer in the skin at any time, t, and P,, is the steady state amount. This equation can be rearranged to yield
In (I -P./P,,) = -Xt and, as shown in Fig. 2 b, a plot of in(1 -P./P, . ) against time yields a TIME (MN) straight line, confirming more clearly that K 42 uptake can be described by a single exponential. In the experiment shown, the value of P,~, 68,500 CPM, corresponded to 7.20 tteq of K. Since the total skin K at the end of the experiment determined by flame photometry was 7.55 jueq, 96 per cent of the K was exchanged. Five other experiments gave similar results; the mean amount of K exchanged was 94 2 per cent. On the basis of these results, it seems reasonable to conclude that the initial slope of the uptake curve should give an estimate of the unidirectional flux of K from the inside solution into the skin.
Calculation of K Influx
The initial slope of the uptake curve may not, however, give a direct measure of the unidirectional K flux into the cells since the tracer must diffuse through the connective tissue of the skin in order to reach the epithelium. If K flux into the cell compartment is high, diffusion to the epithelium may not be sufficiently rapid to insure that the specific activity at the cell surface is the same as in the bathing solution. Thus, in order to determine K influx into the cells, a correction for the diffusion process may be required. The considerations involved in evaluating this correction are given in detail in the Appendix. Using the solution to the diffusion equation appropriate to the initial and boundary conditions of the present case, it is shown that the unidirectional K influx, J (#ieq/hr. cm2), into the cell compartment is given by
in which S is the rate of tracer entrance (cPM/min.) into the cell compartment, [K] is total K concentration in the extracellular compartment, CO is the tracer concentration (cPM/ml) in the external compartment, and L is a dimensionless correction factor defined by equation 5 of the Appendix. The value of L can be estimated from the experimental data. Using the solution of the diffusion equation, the total amount of tracer in the skin, M,, as a function of time is found to be given by the following expression:
[ ()( + LJ nin which A = total skin area a = fraction of connective tissue available for diffusion h = thickness of connective tissue D = diffusion coefficient of K in connective tissue C. = concentration of K 42 in the external solution.
I All errors given are standard errors of the mean. The B, are constants defined by equation 11 of the Appendix. Equation 2 adequately describes the experimental data which are illustrated in Fig. 3 . The term in brackets is the slope, S, of the linear part of the curve and the remaining terms represent the intercept on the CPM axis. 2 Since noticeable deviation from linearity was frequently observed after 7 minutes, the slope and intercept were evaluated by least squares analysis of the points obtained from 2 to 7 minutes inclusive. FIGURE 3 . Initial uptake of K4 by frog skin as a function of time. The line has been determined by least squares using the points from 2 to 7 minutes, inclusive. measurement. The epithelium was removed from the skin by scraping after soaking the tissue for 2 to 3 hours in 4 mM NaHCO (7, 8) . The connective tissue was mounted in a small chamber (3.14 cm2) and allowed to equilibrate for 1 hour in Ringer's solution. K42 was then added to one bathing solution and the other was sampled at 1 minute intervals. The measurement of the amount of tracer appearing on the "cold" side as a function of time can be used to determine D/h' following the method described by Crank (9) (see also Page and Bernstein (10)). If the amount of tracer appearing per cm 2 of tissue is plotted against time, a non-linear buildup is first observed followed by a linear increase. Extrapolation of the linear portion (using least squares) gives an intercept, I, on the time axis which is determined by the expression
from which D/h may be estimated. In 6 experiments, a value of 0.035 4-0.006 sec.-' was obtained.
Since the value of I was small (10 to 25 seconds) and difficult to determine accurately, an alternative estimation was also considered. The slope, s, of the linear part of the tracer appearance curve is given by s = aDpdh in which a is the fraction of the area available for diffusion as defined above and po is the concentration of K 42 (CPM/Cm3) on the "hot" side. Further, as discussed above, the extracellular volume of the connective tissue is Aah. Direct measurements of this volume using C 4 inulin or S35 sulfate with the skin mounted as shown in In carrying out these calculations, one additional correction was found necessary. Experiments in which one piece of skin was treated as usual and a paired skin from the same frog was left in the loading solution continuously during the period 2 to 7 minutes indicated that the initial slope was overestimated in the usual experiments. With 1.0 minute counting intervals, the rate of tracer uptake was found to be 15 per cent greater during the 2 to 7 minute period. Consequently, the slope and intercept for each 
Effect of K Concentration on K Influx
A series of experiments was carried out to examine the relationship between K influx (Jr) and the K concentration of the inside solution. The results are summarized in Fig. 4 in which J is plotted against K concentration. A saturation is observed, and within the limits of error, the points can be fitted by a curve described by the expression
The data given in Fig. 4 were obtained in experiments in which K concentration was increased by adding KC1 to the Ringer's solution. In order to test for effects of increasing osmolarity, 4 experiments at 40 mM K were carried out using Ringer's solution of constant osmolarity in which the K replaced part of the Na. The observed values of J were not significantly different from those obtained with the hypertonic solution.
Since Rb appears capable of substituting quite well for K in maintaining electrical properties of the skin (13) it seemed of interest to examine the effect of Rb on the uptake of K. A series of experiments was carried out in which 5 mM RbC1 was present in the Ringer's solutions, and in which J was measured at 4 K concentrations. The results are included in Fig. 4 and they indicate that Rb causes a marked inhibition of K uptake. Information con- The finding that the slopes differ significantly while the intercepts do not suggests that the inhibition caused by Rb is the result of a competition between Rb and K. On the basis of the usual analysis of such competitive inhibition, the difference in slopes would suggest that the affinity of Rb for the transport system is at least as great as that of K and probably greater. The "Kin" for K is 2.0 mM while the "Ki" for Rb is 1.2 m. While the exact meaning of these coefficients is uncertain in the absence of more specific information concerning the transport system, the values should provide a reasonable estimate of relative affinities.
Effect of Potential Difference on K Influx
A series of experiments was carried out to test the effects of an appreciable change in potential difference (or current passed) across the skin on Jr. Paired skins from the same frog were used; the control was kept short-circuited while sufficient current was passed through the experimental skin to give a potential difference of 4-150 to 200 my. The results are summarized in Table I . The top line shows the results of an experiment in which both halves of the skin were treated as controls and indicates that comparable fluxes were obtained. No significant effect on J' was observed for current passed in either the hypo-or hyperpolarizing direction. Two experiments were carried out to test the effect of potential difference on K uptake from the outside solution. The experiments were identical to those described above except that the skin was reversed on the holder so that the outer side was exposed to the radioactive solution. As shown in Table I , the unidirectional flux into the skin from the outside solution was lower than that from the inside by a factor of approximately 30 and was markedly altered by changing the potential difference. These experiments demonstrate that a change in flux due to potential difference can be detected by the present method. Thus, the experiments in which J' was measured suggest that this flux does not carry a significant amount of current across the inner barrier of the skin.
Effect of Inhibitors on K Influx and Net Na Transport
The effects on J and net Na transport of 3 inhibitors, 2,4-dinitrophenol (DNP), sodium fluoroacetate (FA), and the cardiac glycoside, ouabain, were examined. The influence of poisons could not be studied on a single piece of skin because of the short duration of the experiment and the relatively slow onset of the inhibitory effect. Consequently, paired skins from the same frog were again used, one serving as a control while the other was pretreated with inhibitor for 1 hour before measurement of K uptake. The results are summarized in Fig. 6 in which the ratio of inhibited to control flux is shown * Each experiment was carried out on paired skins from the same frog. The control skin was short-circuited while sufficient current was passed through the treated skin to provide the PD indicated in column two. The PD is given as (inside -outside). The K concentration was 2.5 to 2.8 mm except in experiment 5 in which it was 20.6 ms. t Skin reversed on holder and flux from outside solution into the skin was measured.
for both K influx and net Na flux. In these 34 experiments carried out with normal Ringer's solution, the K influx and net Na transport (measured by short-circuit current) were approximately equal. The mean K influx was 1.03 ueq/hr. cm 2 and the mean net Na flux was 0.92 /ueq/hr. cm 2 . A reasonable estimate of the absolute magnitude of changes in fluxes can be obtained by multiplying these average values by the ratios given in Fig. 6 . At ouabain concentrations of 10 -7 M and 8 X 10 -6 M and at the higher concentrations of DNP (5 X 10-4 M) and FA (10 -2 M) the relative inhibitory effects on K
FIGURE 6 . Effects of inhibitors on K influx and net Na transport. The height of each bar is the ratio of flux in the inhibited skin to flux in the paired control skin. The number of experiments is given in parentheses. The bars are i-one standard error of the mean. NET Na FLUX (eq/hr. cm ) influx and net Na transport are not significantly different (p > 0.05). At 10-6M ouabain there may be a significant difference between inhibition of K and Na fluxes (0.02 < p < 0.05). At relatively lower concentrations of DNP (5 X 10 -6 M) and FA (10 -s M) there is a clearly significant difference (p < 0.01) in the effects on K and Na movements. At these concentrations, FA and DNP have virtually no effect on K uptake but cause a 35 to 40 per cent inhibition of net Na transport. These results suggest, therefore, that there may not be a close link between Na and K fluxes or that if such a linkage does exist it is not an obligatory one under all circumstances. It is of interest to note that 5 X 10 -4 M DNP inhibits K uptake by more than 90 per cent.
The Relationship between K Influx and Net Na Transport
Some of the results reported above would be consistent with the suggestion of Koefoed-Johnsen and Ussing (4) that a Na-K exchange system is involved in the process of active Na transport. Thus, net Na flux and J 1 are the same o1023 order of magnitude, both are affected similarly by higher concentrations of DNP and ouabain, and the flux J does not appear to involve movement of charge since it is unaffected by potential difference. However, the observation of a differential effect of FA and DNP at lower concentrations raises questions concerning such an exchange system and a closer inspection of the available data indicates that its existence is unlikely. As shown in Fig. 7 , in which net Na flux is plotted against J for 47 control experiments, there is no
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FIGURE 8. The effect of increasing Na concentration on K influx. Initially the two skins were bathed in Na-free choline Ringer's solution. At 6 minutes sufficient concentrated NaCl was added to the inside (left) or outside (right) to give a final concentration of 30 mM.
correlation between these two fluxes (correlation coefficient = 0.058). A number of points fall on or near the line of equality, but in many cases one flux is appreciably larger than the other. If, in spite of the lack of significant correlation, a regression line is calculated for these data, a slope of 0.17 /Aeq K/teq Na is obtained indicating that at best there can be an exchange of one K ion for every 6 Na ions. In order to examine more directly the dependence of JT on net Na transport, paired skins were used for several experiments in which the rate of net Na transport was reduced in the experimental skin by lowering the Na con-centration of the outside bathing solution. The results are given in Table II. A decrease in net Na transport by a factor of 3-20 caused only a slight decrease in J.
Although this decrease was not statistically significant (p > 0.05), it may be real since it was observed in 10 of the 12 experiments. However, in experiments at 1 mM Na, the mean decrease in net Na flux was 0.83 #ueq/hr. cm 2 and the decrease in K influx was 0.13 /Aeq/hr. cm 2 indicating that a maximum exchange of 1 K for 6 Na would be possible. Thus, there does not appear to be a significant coupling between K uptake from the inside solution and net Na transport across the skin. The uptake of K is not, however, entirely independent of Na. In 7 paired experiments in which all Na in the inside solution of the experimental skin was replaced by choline, a marked reduction in K influx was observed. The mean value of J in the absence of inside Na was 0.40 Azeq/hr. cm which may be compared with a mean of 1.16 eq/hr. cm 2 for the paired skins bathed 5 Recent experiments by Biber, Chez, and Curran (unpublished) have shown that short-circuit current is approximately equal to net Na flux when the outside solution contains I m Na and the inside solution contains 115 mm Na. o1025 in 115 mM Na. The reduction in Jk occurred whether Na was present in the outside solution or not. This effect of Na is illustrated clearly in Fig. 8 which shows the results of experiments on two skins in terms of K 42 uptake. In both cases there was no Na present in either solution at the beginning of the experiment. The left hand figure shows the effect of increasing inside Na concentration from zero to 30 mM at 6 minutes by addition of 0.25 ml of 3.6 M NaC1. There is a dramatic and rapid increase in the rate of K uptake. The right hand figure shows the effect of the same increase in Na concentration in the outside solution; there is little change in the rate of K uptake. Actually the finding that the slope of the line remains constant probably indicates a slight increase in uptake since, as shown in Fig. 2 , the slope normally decreases noticeably after 7 minutes. Nonetheless, the effect of Na in the inside solution is much more striking than that of Na in the outside solution.
In order to obtain further information on this effect of Na, a series of experiments, similar to the one shown in Fig. 8 , was carried out in which varying amounts of Na were added to the inside solution. In order to compare results, the effect of Na was expressed in terms of the ratio of the slope after Na to that before Na. As shown in Fig. 9 , in control experiments in which no Na was added, the ratio of the slope obtained from 8 to 12 minutes to that obtained from 2 to 6 minutes was 0.57. The lower slope at later times is to be expected from the exponential nature of the K 42 influx (Fig. 2) . Addition of Na leads to an increase in this ratio with a maximal effect approached at 50 mM Na. The effect does not appear to be osmotic since addition of excess choline chloride to the inside solution had no effect on K uptake. In 3 experiments, addition of 30 mM RbCl virtually stopped K uptake as expected from the competitive effect shown in Fig. 4 . Addition of 30 mM LiCI also appeared to reduce K uptake, but it is not known whether this effect of Li is the result of a competition with K, or of a more general inhibition.
DISCUSSION
The method used in these studies on K movements at the inner side of the skin should give a reasonable estimate of the K influx into the epithelial cells. While there are cells other than those assumed to be involved in electrical properties and in active ion transport, particularly in the skin glands, the observation of a single exchange rate for 94 per cent of the skin K suggests that the exchange rates of different cells are quite similar. Even if a portion of the measured K influx represents movement into the gland cells, the conclusions reached on the basis of the data presented are unaltered. In addition all fluxes have been corrected for diffusion through the connective tissue. Although there is every reason to believe that the corrections are adequate, it is of interest to note that recalculation of a number of experiments using a value of 0.01 sec. taken up by the skin can be found in the damaged region of the skin where it is tied on the holder. Thus, we feel that the magnitudes of the K fluxes are approximately correct, but it should be stressed that most of the important conclusions derived from the data, are based on relative changes in K movement rather than on absolute flux values. Although it is not possible to prove that K is actively transported at the "inner barrier" of the skin without knowing the K concentration in the epithelial cells, several of the present observations would be consistent with an active transport from inside solution into the skin. Thus, the flux of K into the skin follows saturation kinetics and is markedly inhibited by metabolic poisons (DNP and FA) and by ouabain. Further, since the skin K appears to be in a steady state, the flux ratio for K at the inner barrier must be approximately unity when the skin is short-circuited and bathed in Ringer's solution containing 2.5 mM K. Under these conditions, there is an average PD of 18 mv (cell negative) at the inner barrier (12) . If K transport were passive, the cell K concentration could be only about 5 mm, an impossibly low value. 6 Finally, K movement into the skin appears to be unaffected by changes in PD and such behavior would not be consistent with passive movement of free ions. Thus, these data appear to support the conclusion of MacRobbie and Ussing (15) , based on osmotic behavior, that K uptake at the inner side of the skin is the result of an active process as proposed in the model of Koefoed-Johnsen and Ussing (4) .
The results of the present experiments make necessary, however, a reconsideration of some aspects of this model of the skin. In the model, the basal cells of the epithelium are assumed to be responsible for the active transport of Na and for the generation of the potential difference across the skin. The outward facing membrane of these cells is considered to be nearly impermeable to K. The present results do not appear to be consistent with the presence of an important barrier to K at this region of the skin. As indicated by the data in Fig. 2 nearly all the K in the skin exchanges with K42 in the inside solution, apparently with a single time constant. This observation would not be possible if a K barrier were located near the base of the epithelium since K in the cells 6 Total skin K together with wet and dry weights was measured in 10 experiments. Using the average value of 0.066 ml for extracellular space at the inside and 0.003 ml (14) at the outside and assuming uniform distribution of K in the cell compartment, a value of cell K concentration of 103 8 ms was obtained. There were no significant differences in K content between skins which had been mounted 3 to 5 hours and skins mounted for 1 hour.
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in the outer part of the epithelium would not exchange readily. Thus, these results suggest that the K-impermeant barrier is located rather near the anatomical outer surface of the skin. It seems likely that this barrier might be the one proposed by Kidder et al. (11) on the basis of potential measurements. This barrier, across which a change in PD occurs at least transiently following a change in Na concentration in the outer solution, appears to be located very nearly at the outer surface of the skin. Such an arrangement has several important implications. It suggests, for example, that the K concentration of the extracellular space in the epithelium may change with concentration in the inside solution as a result of K penetration either through cells or between them. Such an effect might help to explain the observation that the PD across the outer membrane of the basal cells of the epithelium is quite sensitive to K in the inside solution but not to K in the outside solution as observed by Cereijido and Curran (12) and by Chowdhury and Snell (16) , but the mechanism involved is still unclear. The means by which K reaches the outer part of the epithelium is not certain. K in the inside solution may be able to pass directly into the extracellular space of the epithelium through the relatively large spaces which can be observed in electron micrographs (17, 18) between the cells in the stratum germinativum. On the other hand, K may first be transported into the cells of the stratum germinativum, then diffuse out into the extracellular space of the epithelium, and finally enter the cells nearer the outer surface. The present experiments are not able to distinguish clearly between these alternatives. However, the observation of Koefoed-Johnsen (cited by Ussing and Windhager (19) ) that the specific activity of K 4 2 in the outer epithelium increases at the same rate as that in the stratum germinativum when the skin is exposed to K42 on the inside would appear more consistent with the first alternative.
The major feature of the model of Koefoed-Johnsen and Ussing with which the present results are inconsistent is the presence of an active transport system involving a forced Na-K exchange at the inner barrier. As shown in Table II , a large reduction in net Na transfer across the skin caused by lowering Na concentration in the outside solution causes only a small change in K uptake from the inside solution. Further, there is no correlation between the net Na flux and K uptake when skins are bathed in normal Ringer's solution (Fig. 7) . Thus, the process or processes leading to active transfer of Na across the skin do not appear to involve a simultaneous transport of K to any significant extent. These conclusions are not altered by the possibility that a portion of a measured K flux may not be the result of active transport. Since the total unidirectional K flux is approximately the same magnitude as net Na flux, subtraction of an appreciable fraction of K flux to correct for diffusion or exchange diffusion would make the active K flux considerably smaller than net Na flux, and a one-for-one exchange would be impossible. (In 47 control experiments mean net Na flux was 0.91 4-0.05 tueq/hr. cm 2 and mean K influx was 1.04 4-0.03 tueq/hr. cm2.) Further, net Na flux is a minimal measure of active Na transport because it includes a contribution due to back flux of Na from inside solution to cells. Since the measured unidirectional K flux may overestimate active K flux and net Na flux certainly underestimates the active Na flux, the discrepancies shown in Fig. 7 and Table II may, in fact, be underestimated. These data indicate that if a Na-K exchange system exists it could involve, at best, movement of 1 K ion for every 6 Na ions. 7 This observation immediately raises the possibility that the active Na transport system is electrogenic, that it gives rise to a PD directly as a result of the transport process rather than indirectly as a result of concentration gradients created by the process. Such a transport system would explain the observation of Bricker et al. (20) of a continued charge transport across the inner barrier in the presence of 120 mM K in the inside solution and also the observation of Cereijido and Curran (12) that a PD remains at the inner barrier when the inside K concentration is 80 to 115 m. However, other alternative explanations cannot yet be ruled out. The finding that K uptake from the inside solution is unaltered by change in PD suggests that this process may be non-electrogenic, but it does not appear to involve a direct Na-K exchange. One, as yet unresolved, problem with these experiments is that the PD change at the inner barrier may be too small to cause measurable effects even if the K transport system is electrogenic. Because the resistance of the "outer barrier" is appreciably greater than that of the inner one, the major part of the total PD imposed will be across the outer barrier. If the ratelimiting step of an electrogenic system is not movement of a charged substance, a relatively small PD change across the barrier could have little effect. Thus, a clear cut decision on the electrical properties of the transport systems cannot be made. It is possible, for example, that either the Na or K transport systems, or both, involve exchange with hydrogen ion. However, the observation of Schoffeniels (21) that net Na transport is diminished by decreasing the pH of the inside solution from 8 to 6 does not appear to be consistent with a Na-H exchange.
The observation that K uptake at the inside of the skin is strongly dependent on the presence of Na in the inside solution is puzzling. A similar phenomenon has, however, been observed by Hurlbut (22) for K influx into desheathed frog nerve, and the relationship between the rate of K influx and external Na concentration was quite similar to that shown in Fig. 9 . It 7 The present experiments cannot rule out absolutely the possibility that a very small K compartment with rapid turnover is involved in a Na-K exchange. However, the presence of such a compartment should lead to altered characteristics of K uptake in the first 1 to 2 minutes when Na flux is altered. No such effect was observed. In the experiments listed in Table II , the extrapolated intercept and the 1 minute Kg uptake in control skins and those with markedly reduced Na transport were identical.
is of interest to note that the data obtained by Hurlbut also suggested that there was not a Na-K exchange in frog nerve. Thus, there seem to be several similarities between this tissue and the frog skin. In the present experiments, the rapidity with which addition of Na causes an increase in K uptake may suggest that Na acts outside the cells, but further investigation is necessary. It is possible that the enzymes involved in K transfer require Na, as for example the Na-K-activated ATPase, which has been demonstrated in several tissues (23, 24) . However, at least in red blood cells, the Na requirement for this enzyme applies to cellular not extracellular Na (25) . Another possible explanation of these findings would be that there are two Na transport systems in frog skin, one responsible for active Na transport across the skin, the other for Na extrusion from the cells. The latter system might be required to extrude Na which enters the cells from the inside solution and could involve a Na-K exchange. This arrangement would explain the dependence of K uptake on inside Na, but would require compartmentalization of cell Na or the presence of different cell types since K uptake cannot be maintained by Na in the outside solution. In this respect, it is of interest to note that Huf, Doss, and Wills (26) have suggested that active Na transport across the skin may be entirely independent of those processes which are concerned with maintenance of the ionic composition of the cells.
The experiments reported here do not appear to be consistent with the model of the skin proposed by Koefoed-Johnsen and Ussing (4) since no evidence for a Na-K exchange could be obtained. This observation plus the finding that the inner barrier of the skin does not behave as a K electrode indicates that a complete reevaluation of this model is necessary. Before an adequate alternative hypothesis can be proposed, considerable additional information is required. It seems likely, however, that the system is much more complex than envisioned in the original model, particularly with respect to the properties of the barrier or combination of barriers which is denoted as the "inner membrane."
If the boundary x = 0 is the inner surface of the skin and x = h is the inner surface of the epithelium, the boundary and initial conditions corresponding to the experimental arrangement are C(t,x) = 0; t = 0 C = C; x < O, all t -D d= (C-Ci); x = h ax [K] in which OK is the total K flux (/ieq/cm 2 sec.), [K] is total K concentration in the extracellular fluid, and Ci is tracer concentration in the cell compartment (cp/cms). In the present case, the initial uptake of tracer is determined so that Ci -0 during the early part of the experiment. This assumption leads to a considerable simplification since the boundary condition at x = h becomes -D(OC/Ox)h = jCh/ [K] . The solution of the diffusion equation for these conditions has been given by Carslaw and Jaeger (6) in terms of heat flow. In our notation, it takes the form
C(t, X) = Cil + L(l -x/h)] _ 2C
and the a, are the roots of the transcendental equation
The first term on the right hand side of equation 4 describes the quasi-steady state distribution of tracer during the early part of the experiment, while the exponential terms give the time course of approach to this distribution from the initial condition. If the quantity S represents the rate of tracer entrance (in cM/min.) into the cell compartment, the total unidirectional K influx J(peq/hr. cm 2 ) will be given by the expression
After all exponential terms have become small, C will be given, according to equation 4, by 
Thus, in order to obtain the correct unidirectional influx, the factor L must be evaluated in addition to the initial slope, S, of tracer uptake. 
n-1
As described in the text, equation 12 gives a satisfactory representation of the experimental data and it can be used to evaluate the correction factor L.
